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Weight loss methodAbstract The inhibiting action of Piper longum seed extracts was investigated as the corrosion
inhibitors of aluminium in 1 MNaOH solution using potentiodynamic polarization, electrochemical
impedance spectroscopy (EIS) methods, and weight loss measurements. The results revealed that
P. longum extract was an effective inhibitor, and the inhibition efﬁciencies obtained from polariza-
tion and weight loss experiments were in good agreement. Using the potentiodynamic polarization
technique, the extract was proving to have a mixed-type character for aluminium in alkaline solution
by suppressing both anodic and cathodic reactions on the metal surface. The adsorption isotherm
model was determined according to ﬁtted results obtained from the weight loss experiments per-
formed on the aluminium specimen in 1 M NaOH solution at 308 K. Thermodynamic parameters
such as activation energy and free energy of adsorption were calculated and given in kJ mg1.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Aluminium is the second most used metal after iron; it is used
in a large number of applications by itself and is used in a wide
range of alloys. Because of the low atomic mass and the nega-
tive value of the standard electrode potential, aluminium
potentially attracts as an anode material for power sources
with high energy densities (Emregul and Abbas Aksut, 2008).The corrosion behaviour of pure aluminium and its alloys in
aqueous alkaline solutions has been extensively studied in
the development of the aluminium anode for the aluminium/
air battery (Bocksite et al., 1963; Macdonald et al., 1988;
Chu and Savinel, 1991; Abdel-Gaber et al., 2008). Corrosion
of aluminium causes many problems viz., (1) it passivates the
cathode active material, (2) its solid products increase the
electrical resistance, (3) its soluble products contaminate the
electrolyte and increase the self-discharge rate, and (4) the dis-
solved Al3+ ions migrate to the counter anode and reductively
deposit (Zhang and Jow, 2002). Despite the fact that alumin-
ium/air battery is an eco-friendly system and the energy den-
sity of this system is excellent. It is not greatly used in
practice due to severe hydrogen evolution problems resulting
from corrosion of the aluminium electrode. Thus, commercial
application of Al and its alloys requires control of the
hydrogen gas evolution which must necessarily be achieved
without compromising the eco-friendly nature of the system.
Figure 1 Polarization curves for Al in 1 M NaOH in presence of
different concentrations of P. longum seed extract.
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is to separate the metal from corrosive environments. This can
be achieved using corrosion inhibitors. Recently, the use of
chemical inhibitors has been limited due to environmental
regulations; plant extracts have again become important be-
cause they are the environmental and renewable source for a
wide range of needed inhibitors. Plant extracts are viewed as
an incredibly rich source of naturally synthesized chemical
compounds that can be extracted by simple procedures with
low cost. A lot of natural products were previously used as cor-
rosion inhibitors for different metals in various environments
(Zhang and Jow, 2002; El Hosary et al., 1972; El Hosary
and Saleh, 1993; Avwiri and Igho, 2003; Gunasekaran and
Chauhan, 2004; El-Etre, 1998; El-Etre et al., 2005; Abdel-
Gaber et al., 2006; Oguzie, 2007; Singh et al., 2011) and their
optimum concentrations were reported. The obtained data
showed that plant extracts could serve as effective corrosion
inhibitors. It is well established that corrosion inhibition
occurs via adsorption of their molecules on the corroding
metal surface and efﬁciency of inhibition depends on the
mechanical, structural and chemical characteristics of the
adsorption layers formed under particular conditions.
As a contribution to the current interest on eco-friendly,
green, corrosion inhibitors, and the present study investigates
the inhibiting effect of seed extracts of Piper longum on the alu-
minium corrosion in 1 M NaOH solution using the weight loss
and polarization techniques. The plant, which is popularly
known in India as ‘‘Pippali’’, belongs to the family Piperaceae
and various Piper species are widely distributed in the tropical
and subtropical regions of the world, throughout the Indian
subcontinent, Sri Lanka, Middle Eastern countries and the
Americas (Yende et al., 2010). The effect of temperature as
well as kinetic and activation parameters that govern metal
corrosion have been evaluated.
2. Experimental section
Aluminium (Al-1060) strips were used for weight loss as well as
electrochemical studies. The aluminium specimens were ma-
chined into test electrodes of dimension 8 cm · 1 cm and
embedded in PVC holder by epoxy resin (araldite) leaving
one surface of an area of 1 cm2 for electrochemical measure-
ments. The exposed surface was abraded with silicon carbide
abrasive paper from 400 to 1200, degreased with acetone,
rinsed in distilled water, and dried in the air. The corrosive
medium was 1 M NaOH solution prepared from analytical-re-
agent-grade NaOH (MERCK) and bidistilled water. Stock
solution of P. longum was extracted by reﬂux of 100 g of the
dry materials in 500 mL bidistilled water for 5 h. The reﬂuxed
solution was ﬁltered to remove any contamination. The con-
centration of the stock solution was calculated in terms of
mg L1.
Electrochemical experiments were carried out in a conven-
tional three-electrode glass cell of capacity 100 mL, using a
GAMRY POTENTIOSTAT/GALVANOSTAT PCI 4 elec-
trochemical workstation. A saturated calomel electrode
(SCE) equipped with a Luggin capillary and a platinum foil
of 1 cm · 1 cm were used as reference and counter electrode,
respectively. All the potentials reported are with reference to
SCE. Before measurement, the working electrode was im-
mersed in test solution for approximately 30 min until a steadyopen-circuit potential (OCP) was reached. EIS measurement
was carried out in the 100 kHz–10 mHz frequency range at
OCP. The sinusoidal potential perturbation was 10 mV in
amplitude and the cell temperature was maintained at
308 ± 1 K using a thermostatic water-bath. The electrochem-
ical experimental data were collected and analysed by electro-
chemical software Echem Analyst ver. 5.5. The polarization
curves were carried out from cathodic potential of 0.25 V
to anodic potential of +0.25 V with respect to the open circuit
potential at a sweep rate of 1 mV s1. The linear Tafel seg-
ments of the anodic and cathodic curves were extrapolated
to corrosion potential (Ecorr) to obtain the corrosion current
densities (Icorr). In each measurement, a fresh working elec-
trode was used. Several runs were performed for each measure-
ment to obtain reproducible data.
The aluminium specimens of 2.5 cm · 2 cm · 0.05 cm sizes
were used for weight loss measurements and were abraded
with a series of silicon carbide abrasive paper (grade 600–
800–1000–1200) and degreased with acetone, rinsed in distilled
water, and dried in the air, and weighed accurately. Alumin-
ium specimens were immersed in 100 mL of 1 M NaOH with
and without addition of different concentrations of P. longum
seed extract. The temperature of the corrosive system was con-
trolled by an air thermostat. After 1 h immersion, the alumin-
ium specimens were carefully washed in double-distilled water,
dried, and then weighed. The weight loss data were gained
from the average value of three parallel samples in 1 M NaOH
with P. longum extract at different concentrations.
3. Results and discussion
3.1. Electrochemical measurements
3.1.1. Polarization measurements
Polarization curves of Al in 1 M NaOH solution without and
with different concentrations of P. longum extract are shown in
Fig. 1. It could be observed that both the cathodic and anodic
reactions were suppressed with the addition of P. longum,
which suggested that the inhibitor exerted an efﬁcient inhibi-
tory effect both on anodic dissolution of metal and on cathodic
Table 1 Electrochemical polarization parameters and the corresponding inhibition efﬁciencies for Al in 1 M NaOH solution in the
absence and presence of different concentrations of Piper longum seed extract.
Inhibitor (mg L1) Ecorr (V/SCE) Icorr (mA cm
2) ba (V dec
1) bc (V dec
1) IEP (%)
1 M NaOH 1.55 274 1.189 0.61 –
50 1.53 112 1.211 0.79 59
100 1.54 107 1.024 0.76 61
200 1.54 47 0.972 0.75 83
300 1.54 37 0.834 0.71 86
400 1.51 31 0.652 0.65 89
Figure 2 Nyquist plots for aluminium in 1 M NaOH with various concentrations of P. longum seed extract.
S1586 A. Singh et al.hydrogen reduction reaction. Electrochemical parameters such
as Ecorr, Icorr, and anodic and cathodic Tafel slopes (ba, bc) ob-
tained from the polarization measurements are listed in Table
1. The inhibition efﬁciency (IEP%)was calculated by following
equation (Tao et al., 2011):
IEP% ¼ Icorr  IcorrðiÞ
Icorr
 100 ð1Þ
Icorr and Icorr(i) signify the corrosion current density in the
absence and presence of inhibitors, respectively.
It is evident from Table 1 that values of bc decreases with
increasing extract concentration, which indicated that the P.
longum extract was adsorbed on the metal surface and the
addition of the inhibitor hindered the alkali attack on the
aluminium electrode. Therefore, the inhibitor molecules did
not change the hydrogen evolution reaction mechanism. In
anodic domain, the value of ba decreases with the presence
of P. longum. The shift in the anodic Tafel slope ba might be
attributed to the modiﬁcation of anodic dissolution process
due to the inhibitor modules adsorption on the active sites.
Compared to the free NaOH solution, the cathodic and anodic
curves of the working electrode in the alkaline solution
containing the P. longum shifted obviously to the direction
of current reduction, as it could be seen from these polariza-
tion results; the inhibition efﬁciency (IEP%) increased with ex-
tract concentration reaching a maximum value of 89% at
400 mg L1. In literature (Ferreira et al., 2004), it is reported
that only when the open circuit potential (OCP) displacement
is at least 85 mV in relation to the one measured for the blank
solution, can a compound be recognized as an anodic or catho-
dic inhibitor. From Fig. 1 it can be seen that the displacementwas at most 40 mV with respect to Ecorr(0) (the open circuit
potential of blank solution). Therefore, P. longum seed extract
might act as a mixed-type inhibitor.3.1.2. Electrochemical impedance spectroscopy (EIS)
measurements
Nyquist plots of aluminium in 1 M NaOH solution in the
absence and presence of different concentrations of P. longum
seed extract are given in Fig. 2, where it can be observed that
the diameter of the semicircle increases with increasing
P. longum extract concentration. This increase in capacitive
semicircles suggests that the inhibition action of these inhibi-
tors is due to their adsorption on the metal surface without
altering the corrosion mechanism. Further, the ﬁgure mani-
fested two depressed capacitive semicircles, typical of Randles
element, at higher and lower frequency regions, separated by
an inductive loop at low frequencies. Inductive loops can be
explained by the occurrence of adsorbed intermediate on the
surface. Therefore, adsorbed intermediate species such as
Alþads and Al
3þ
ðadsÞ might be involved in Al dissolution process
(Macdonald, 1990). The capacitive semicircle at higher fre-
quencies is attributed to the redox Al–Al+ reaction since it
was assumed to be the rate determining step in the charge
transfer process (Abdel-Gaber et al., 2008; Lee and Kim,
2001). Therefore, the resistance value obtained from intercepts
of the ﬁrst capacitive semicircle with real axis corresponds to
the Al–Al+ charge transfer resistance. On the other hand,
the second capacitive semicircle could be attributed to the fast
complementary redox Al+–Al3+ reaction. The curve mani-
fested that addition of extract to alkaline NaOH solution leads
Table 2 Corrosion parameters for aluminium in aqueous solution of 1 M NaOH in absence and presence of different concentrations
of Piper longum from weight loss measurements at 308 K for 1 h.
Inhibitor concentration (mg L1) Weight loss (mg cm2 h1) IEw (%) CR (mm y
1)
1 M NaOH 15.1 – 56
50 5.1 66 19
100 3.7 75 14
200 1.4 91 5
300 1.2 92 4
400 0.8 94 3
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Figure 3 Langmuir adsorption isotherm plot for corrosion
of aluminium in 1 M NaOH containing different concentration
of P. longum seed extract at 308 K.
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Figure 4 El-Awady and Ahmed (El-Awady and Ahmed, 1985)
model plot for corrosion of aluminium in 1 M NaOH containing
different concentration of P. longum seed extract at 308 K.
R² = 0.9572
0.2
0.4
0.6
0.8
1
1.2
1.4
3 3.05 3.1 3.15 3.2 3.25 3.3
1000/T (K-1) 
lo
g
(θθ 
/1
-θ
)  
Figure 5 Plot of log (h/1  h) versus 1/T for corrosion of
aluminium in 1 M NaOH solution containing 400 mg L1
P. longum seed extract.
Piper longum extract as green corrosion inhibitor for aluminium in NaOH solution S1587to increase in the size of the capacitive semicircles, indication
for increasing the resistances and decreasing corrosion rate.
3.2. Weight loss measurements and adsorption isotherm
The values of inhibition efﬁciency (IEw%) obtained from
weight loss measurements for different concentrations of
P. longum seed extract in 1 M NaOH are given in Table 2.
The inhibition efﬁciencies, IEw%, were calculated by the fol-
lowing equation:
IEw% ¼ W0  w
W0
 100 ð2Þ
W0 and W are the corrosion rates in the absence and pres-
ence of the extract, respectively. The obtained results (Table 2)
suggested that the inhibition efﬁciency increases with increas-
ing concentration of extract. As the concentration reached
400 mg L1, the inhibition efﬁciency of extract obtained a high
value of 95%, which represented excellent inhibitive property.
Adsorption of P. longum seed extract can be explained on the
basis that adsorption of the inhibitor was mainly via hetero
atoms (viz., N) present in different constituents of extract in
addition to the availability of p electrons in the aromatic
system (Khaled, 2008). The phytoconstituents of P. longum
fruits include several pieridine alkaloids such as piperine,
piplartine, piperlongumine, piperlonguminine, pipernonaline
and piperundecalidine, etc., a few hitherto unidentiﬁed steroidsand some reducing sugars and their glycosides (Desai et al.,
1989; Hamrapurkar et al., 2011).
The establishment of isotherms that describe the adsorptive
behaviour of a corrosion inhibitor is an important part of its
study, as they can provide important clues to the nature of
Table 3 The values of adsorption constant (Kads), free energy of adsorption (DG

ads), number of active sites (1/y) and heat of
adsorption (Q) for adsorption of compounds present in P. longum seed extract on aluminium in 1 M NaOH in the presence of
400 mg L1 concentrations of the extract.
Langmuir isotherm Kinetic model Q (kJ mg1)
Kads (mg L
1)1 DGads (kJ mg
1) 1/y Kads (mg L
1)1 DGads (kJ mg
1)
0.076 3.696 4.27 0.081 3.862 79.2
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Figure 6 Effect of temperature on dissolution of aluminium in
1 M NaOH.
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Figure 7 Arrhenius plots of logCR versus 1/T for aluminium in
1 M NaOH in the absence and presence of 400 mg L1 P. longum
seed extract.
S1588 A. Singh et al.the metal–inhibitor interaction. The values of surface coverage
(h) are deﬁned as IEw%/100 and obtained from weight loss
measurements at 308 K. Several adsorption isotherms were as-
sessed to ﬁt h values, but the best ﬁt was found to obey Lang-
muir adsorption isotherm (Langmuir, 1917) which may be
expressed by:
Cinh
h
¼ 1
Kads
þ Cinh ð3Þ
where Cinh is inhibitor concentration and b is equilibrium
constant of adsorption. It is well known that the standard
adsorption free energy (DGads) is related to equilibrium
constant of adsorption (Kads) and can be calculated by the fol-
lowing equation (Khamis, 1990):
Kads ¼ 1
55:5
 
exp
DGads
RT
 
ð4Þ
Fig. 3 represents the plot of (Cinh/h) against Cinh for inves-
tigated P. longum seed extract. Also, it is found that the
kinetic–thermodynamic model of El-Awady and Ahmed
(El-Awady and Ahmed, 1985), i.e.,
log
h
1 h
 
¼ log k0 þ y logCinh ð5Þ
is valid to operate the present adsorption data.
Kads ¼ K0ð1=yÞads , K0ads is constant, and 1/y is the number of the sur-
face active sites occupied by one inhibitor molecule and Cinh is
the bulk concentration of the inhibitor. Plotting log(h/1  h)
against logCinh for the extract is given in Fig. 4, where straight
line relationships were obtained suggesting the validity of this
model for the present case. A plot of log(h/1  h) versus 1/T at
the extract concentration of 400 mg L1 (Fig. 5) gives straight
lines according to the following equation:log
h
1 h
 
¼ logAþ logCinh  Q
2:303RT
 
ð6Þ
The Q value was obtained from the slope of this line. The
values of b and DGads calculated by Langmuir isotherm and
1/y, b, and DGads calculated by the kinetic model, and the val-
ues of Q are given in Table 3. The negative values of DGads sug-
gest that the adsorption of inhibitor molecules onto steel
surface is a spontaneous process. The magnitude of heat of
adsorption reaches the magnitude of heat of chemical reaction,
which is the result of the transference of electron from donat-
ing atoms in the phytoconstituent molecules present in the
extract to the d-orbital of the iron atom. The negative values
of Q show that the process of adsorption is exothermic. It is
noted that the value of 1/y is more than unity. This suggests
that the studied plant extract will form monolayer on the alu-
minium/solution interface.
3.3. Effect of temperature
The effect of temperature on the rate of dissolution of alumin-
ium in 1 M NaOH containing 400 mg L1 of the P. longum
seed extract was tested by weight loss method over a tempera-
ture range from 308 to 328 K. The effect of increasing temper-
ature on the corrosion rate values is given in Fig. 6. The results
revealed that on increasing temperature there is an increase of
corrosion rate for both in the absence and presence of extract.
The increase in corrosion rate in the absence of extract is
higher at all temperatures studied, suggests more aggressive-
ness of free alkaline solution. The increase in corrosion rate
Piper longum extract as green corrosion inhibitor for aluminium in NaOH solution S1589with increase in temperature may be probably due to decreas-
ing strength of adsorption (shifting the adsorption–desorption
equilibrium toward desorption) and roughening of the elec-
trode surface which results from enhanced corrosion.
The activation energy of the corrosion process was calcu-
lated using the Arrhenius equation (Putilova et al., 1960):
CR ¼ k exp Ea
RT
 
ð7Þ
where CR is the corrosion rate, k is the pre-exponential
factor, Ea is the apparent activation energy, R is the universal
gas constant, and T is the absolute temperature. The apparent
activation energy was calculated by linear regression between
lnCR and 1/T (Fig. 7). The value of Ea can be obtained from
the slope of the straight line which was found to be
15.9 kJ mg1 and 81.8 kJ mg1 in the absence and presence
of 400 mg L1 P. longum seed extract, respectively. The higher
value of Ea in the presence of extract than its absence indicates
a strong inhibitive action of the extract by increasing the en-
ergy barrier for the corrosion process.
4. Conclusion
P. longum seed extract was found to inhibit the corrosion of
aluminium in 1 M NaOH solution and inhibition efﬁciency in-
creases with increasing extract concentration. At the highest
extract concentration of 400 mg L1, the inhibition efﬁciency
is increased markedly and reached 94%. Potentiodynamic
polarization curves proved that the P. longum seed extract
was a mixed-type inhibitor. EIS plots indicated that the charge
transfer resistances increase with increasing concentration of
the extract. The adsorption model obeys the Langmuir adsorp-
tion isotherms model. The P. longum seed extract inhibits the
corrosion of aluminium in alkali media by adsorption
mechanism.Acknowledgment
We gratefully acknowledge the ﬁnancial support of the Coun-
cil of Science and Industrial Research (CSIR), New Delhi,
India.References
Abdel-Gaber, A.M., Abd-El-Nabey, B.A., Sidahmed, I.M., El-Zaya-
dy, A.M., Saadawy, M., 2006. Inhibitive action of some plant
extracts on the corrosion of steel in acidic media. Corros. Sci. 48,
2765–2779.
Abdel-Gaber, A.M., Khamis, E., Abo-ElDahab, H., Adeel, Sh., 2008.
Inhibition of aluminium corrosion in alkaline solutions using
natural compound. Mater. Chem. Phys. 109, 297–305.
Avwiri, G.O., Igho, F.O., 2003. Inhibitive action of Vernonia amygd-
alina on the corrosion of aluminium alloys in acidic media. Mater.
Lett. 57, 3705–3711.
Bocksite, L., Trevethan, D., Zaromb, S., 1963. Control of Al corrosion
in caustic solutions. J. Electrochem. Soc. 110, 267–271.
Chu, D., Savinel, R.F., 1991. Experimental data on aluminum
dissolution in KOH electrolytes. Electrochim. Acta 36,
1631–1638.Desai, S.J., Chaturvedi, R.N., Badheka, L.P., Mulchandani, N.B.,
1989. Aristolactams and 4,5-dioxoaporphines from Indian Piper
species. Indian J. Chem. 28B, 775–777.
El Hosary, A.A., Saleh, R.M., 1993. In: Progress in Understanding
and Prevention of Corrosion, vol. 2. The Institute of Materials,
London, 911.
El Hosary, A.A., Saleh, R.M., Shams El Din, A.M., 1972. Corrosion
inhibition by naturally occurring substances-I. The effect of
Hibiscus subdariffa (karkade) extract on the dissolution of Al and
Zn. Corros. Sci. 12, 897–904.
El-Awady, Y.A., Ahmed, A.I., 1985. Effect of temperature and
inhibitors on the corrosion of aluminium in 2 N HCI solution. A
kinetic study. Indian J. Chem. 24A, 601–606.
El-Etre, A.Y., 1998. Natural honey as corrosion inhibitor for metals
and alloys. i. Copper in neutral aqueous solution. Corros. Sci. 40,
1845–1850.
El-Etre, A.Y., Abdallah, M., El-Tantawy, Z.E., 2005. Corrosion
inhibition of some metals using lawsonia extract. Corros. Sci. 47,
385–395.
Emregul, K.C., Abbas Aksut, A., 2008. The behavior of aluminum in
alkaline media. Corros. Sci. 42, 2051–2067.
Ferreira, E.S., Giacomelli, C., Giacomelli, F.C., Spinelli, A., 2004.
Evaluation of the inhibitor effect of L-ascorbic acid on the
corrosion of mild steel. Mater. Chem. Phys. 83, 129–134.
Gunasekaran, G., Chauhan, L.R., 2004. Eco friendly inhibitor for
corrosion inhibition of mild steel in phosphoric acid medium.
Electrochim. Acta 49, 4387–4395.
Hamrapurkar, P.D., Jadhav, K., Zine, S., 2011. Quantitative estima-
tion of piperine in Piper nigrum and Piper longum using high
performance thin layer chromatography. J. Appl. Pharmaceut. Sci.
01, 117–120.
Khaled, K.F., 2008. Molecular simulation, quantum chemical calcu-
lations and electrochemical studies for inhibition of mild steel by
triazoles. Electrochim. Acta 53, 3484–3492.
Khamis, E., 1990. The effect of temperature on the acidic dissolution
of steel in the presence of inhibitors. Corrosion 46, 476–484.
Langmuir, I., 1917. The constitution and fundamental properties of
solids and liquids. II. Liquids. J. Amer. Chem. Soc. 39, 1848–1906.
Lee, K.-K., Kim, K.-B., 2001. Electrochemical impedance character-
istics of pure Al and Al–Sn alloys in NaOH solution. Corros. Sci.
43, 561–575.
Macdonald, D.D., 1990. Review of mechanistic analysis by electro-
chemical impedance spectroscopy. Electrochim. Acta 35, 1509–
1525.
Macdonald, D.D., Real, S., Urquidi-Macdonald, M., 1988. Evaluation
of alloy anodes for aluminum-air batteries. J. Electrochem. Soc.
135, 2397–2409.
Oguzie, E.E., 2007. Corrosion inhibition of aluminium in acidic and
alkaline media by Sansevieria trifasciata extract. Corros. Sci. 49,
1527–1539.
Putilova, I.K., Balezin, S., Barannik, V., 1960. Metallic Corrosion
Inhibitors. Pergamon, Oxford, p. 30.
Singh, A., Ahamad, I., Singh, V.K., Quraishi, M.A., 2011. Inhibition
effect of environmentally benign Karanj (Pongamia pinnata) seed
extract on corrosion of mild steel in hydrochloric acid solution. J.
Solid State Electrochem. 15, 1087–1097.
Tao, Z., Zhang, S., Li, W., Hou, B., 2011. Adsorption and inhibitory
mechanism of 1H-1,2,4-triazol-l-yl-methyl-2-(4-chlorophenoxy)
acetate on corrosion of mild steel in acidic solution. Ind. Eng.
Chem. Res. 50, 6082–6088.
Yende, S.R., Sannapuri, V.D., Vyawahare, N.S., Harle, U.N., 2010.
Antirheumatoid activity of aqueous extract of P. longum on
freunds adjuvant-induced arthritis in rats. Int. J. Pharmaceut. Sci.
Res. 1, 129–133.
Zhang, S.S., Jow, T.R., 2002. Aluminum corrosion in electrolyte of Li-
ion battery. J. Power Sources 109, 458–464.
